Abstract -Recently, introduction of renewable energy such as photovoltaics and wind energy has gained precedence for greenhouse gas reduction and oil substitution. However, due to the power fluctuation of renewable energy sources, voltage and frequency deviation are problematic in power systems. From the background, smart grids are attracting attention. Already, a smart grid based on AC grid is proposed. However, no study on research is presented or published on a smart grid based on DC grid. DC smart grid has been presented by the authors. The DC smart grid is robust to ac-side fault conditions. However, dc faults in the DC smart grid are not considered in previous papers. This paper analyzes dc faults, their transients, and the resulting protection issues in the DC smart grid. Over-current fault are analyzed in detail and provide an insight into protection system design. The effectiveness of the proposed method is performed by using PSIM environment.
Introduction
Power demand in isolated islands has been increasing rapidly. Diesel generators fueled by fossil fuels mostly supply the power for this power demand. For greenhouse gas reduction and oil substitution, introduction of renewable energies such as photovoltaics and wind energy is important [1] . Renewable power resources are safe, clean, and abundant in nature. However, due to the power fluctuation of renewable energy sources, voltage and frequency deviations are occurred in island power systems whose ability to maintain stable supply-demand balance is low. Therefore, it is necessary to control the system frequency and voltage at the supply-side.
At supply-side, installation of storage equipment and pitch angle control of wind generator has been proposed for control of distribution power system [2] . However, the installation of a storage equipment that needs large storage capacity and the cost of maintenance for battery degradation are not expected. Hence, in case of using the renewable energy plants connected to power system, the supply-side control has limitations. Therefore, the mutual cooperation control with the demand-side is required because it is difficult to maintain the power quality by only the supply-side control. From this viewpoint, a smart grid, which maintains stable supply-demand balance by monitoring the power information of the demand-side, is necessary.
Currently, smart AC grids are implemented by practical applications. While, the DC smart grid is proposed by the authors [3] . The DC grid has the following advantages compared to an AC grid: (1) Each power generator connected to the DC grid can easily be cooperated because it controls only the DC bus voltage. (2) When the AC grid experiences abnormal or fault conditions, the DC grid is disconnected from the AC grid, and then it is switched to stand-alone operation in which the generated power is supplied to the loads connected to the DC grid. (3) The cost and loss of DC system can be reduced because only a single AC-grid-connected inverter unit is needed. (4) Distributed generators usually supply DC power. Therefore, the phase detection like AC grid is not needed. Therefore, the cost and loss of the system can be reduced. (5) Although the DC distribution line is required, the cost performance of DC houses, hospitals and information centers are satisfactory. The authors have been proposed about the operation of DC smart grid in grid-connected operation [3] . However, there is no discussion about protection system of DC smart grid. Therefore, the study on the protection design of DC smart grid is important.
In this paper, protection design of DC smart grid is proposed. The power system consists of three DC smart grids and are connected through grid-connected converters. The DC smart grid consists of PV generators, a wind turbine generator (WTG), a generator-side converter, a gridside inverter, and controllable loads. The DC bus voltage fluctuation due to the renewable plants (WTG and PV) and loads is suppressed by applying the power consumption control of the controllable loads, the power control with grid-connected converter and the power control of the renewable plants. This paper analyzes dc faults at transmission line, their transients, and the resulting protection issues in the DC smart grid Over-current faults are analyzed in detail and provide an insight into protection system design.
Electric water heater (EWH) and battery of electric vehicles are assumed as controllable loads in this paper. Effectiveness of the proposed system is validated by simulation results in PSIM. 
DC Smart Grid Configuration and Control System
The configuration of the power system is shown in Fig. 1 . Three DC smart grids (DCSG) which has different capacities are connected through the grid-connected converters (GD A, GDB, GDC,). The DC smart grid A (DCA) has a wind turbine generator, PV generators, a generator-side converter, controllable loads (batteries), and variable loads. The wind turbine generator is a gearless 2MW permanent magnet synchronous generator (PMSG). PMSG has a simple structure and high efficiency and is expected to be installed in the next generation WTG systems. Wind power energy obtained from the windmill is sent to the PMSG. In order to generate maximum power, the rotational speed of the PMSG is controlled by the PWM converter. PMSG's output power and PV's output power are supplied to the DC load through the DC distribution line. And, the remaining power of the PMSG and PVs are supplied to the other DC smart grids through the gridconnected converters. The grid-connected converter controls its output power to maintain the DC bus voltage of Bus0 in the acceptable range. The operation of the gridconnected converter is determined by a central control center which manages information of all DC smart grids, as shown in Fig. 1 . 
Controllable loads control system
In this paper, the DC bus voltage is controlled by the voltage control of DCDC converter connected with the controllable loads. Battery is used as controllable loads.
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Although the battery is installed in DC houses, electric vehicle (EV) will be used as battery in the future. The EV is important due to the depletion of energy sources and it is available as a backup power in the residential house. The storage systems are modeled as a dc voltage source and internal load. The charging rate is calculated by feedback control with an integral of the discharge and charge power consumptions. The DCDC converter is a bi-directional boost-buck chopper with IGBTs as power devices.
The control system is illustrated in Fig. 2 (2) . 
Grid-connected Converter Control System
The grid-connected converter is a bi-directional boostbuck chopper and is modeled with IGBTs as power device. The grid-connected converter implements DC transmission voltage control and power transfer operation. The control system is shown in Fig. 3 . For the case of power transfer between DC smart grids, when remaining power is occurred in a DC smart grid, the DC bus voltage V dc of the DC smart grid is controlled by transferring the remaining power to other DC smart grids (Power transfer operation). When the power transfer between DC smart grids is not available, the grid-connected converter is shut down and the DC smart grid operates in islanded mode. Therefore, the DC bus voltage of DC smart grid is controlled by using power control of controllable loads and renewable plants.
In the control system, droop control is applied in order to suppress DC bus voltage fluctuations, ΔV0 of Bus0. When power transfer between DC smart grids is available, power control which suppresses DC bus voltage fluctuation ΔV dc in the DC smart grid is implemented by the grid-connected converter.
Wind Turbine Generator and PV
The PMSG is modeled as described in [4] - [5] . The generator-side converter controls the rotational speed of the PMSG in order to achieve variable speed operation with maximum power point tracking (MPPT) control and implements the maximum torque control. The rotor speed reference in the islanding operation is determined by the optimal rotor speed ω eopt and Δωe produced by PI controller according to the DC bus voltage fluctuation V dc . Therefore, the DC bus voltage can be kept within the acceptable range by reducing the PMSG output due to the shift from the optimal rotor speed. The PV is modeled by a current source. The output power of the PV is also reduced according to the DC bus voltage fluctuation V dc like the PMSG. The parameters of the PV are shown in Table II [7] . Table 3 . Parameter of circuit parameters
E=9.0kV Fig. 4 shows a equivalent circuit under ground fault at DC transmission line. In Fig. 4 , it is assumed that DC smart grid C is disconnected. Each DC smart grid is modeled as a current source. The output value of the current source is depended on the output value of the wind turbine generator, the PV and the batteries. Line impedance is the synthetic impedance, Z t , as the following equation:
DC Transmission Line Ground Fault
where R a0 + ωL a0 , R b0 + ωL b0 , and R c0 + ωL c0 shows each line impedance between connection point (CP) and GDA, GDB, GDC. Here, the ground fault current is divided into two phases which is transient phase and steady-state phase.
Transient Phase
The transient phase can be expressed by a third-order state-space equation
where Rt and Lt is the resistance and inductance of the synthetic impedance Z t . C t is the synthetic capacitor of C 0A and C 0B . Table 3 . shows simulation parameters. The capacitor voltage (Bus0) drops to about 1kV within 10ms and the inductor current experiences a large transients of 12.093kA. The maximum value of the inductor current is close enough compared to the calculation value of 11.988kA from(3). 
Steady-State Phase
The steady-state current is the current from DC smart grids. Therefore, the steady-state current is expressed as the following equation. The aforementioned dc fault analysis and detection can be applied to the design of the protection system. Distance protection is applied as the protection system. The main principle is to estimate the impedance between the relay point and the fault point. If this falls into a given distance value, the corresponding DCCB operates. Here, dc voltage measurements are used for distance measurement and representation. The fault distance is evaluated by using two voltage measurements instead of a pair of voltage and current measurements. Due to a switched-mode dc system, the dc voltages and the currents are rapidly changing (with on and off periods) and the division of voltage by current causes calculation problems and false decisions. Moreover, the abrupt change of current may cause measurement error, while moderate voltage changes along the cable should be easy to deal with. This discontinuous dc current feature will not influence the over-current detection unit; the relay only operates on over-current.
The measurements and distance relationships are illustrated in Fig. 7 . The fault voltage at the relay point (n) is (6) where x * is the real fault distance and R f is the fault resistance. The measured values using voltage sensors are
, where k v is the voltage divider ratio.
The distance between them is known d, so that the fault distance is
where v (r) is the voltage value at relay (r) [6] .
For metallic grounding or a short-circuit fault, v (flt) = R f i (flt) = 0V, so the cable impedance is proportional to the distance. Measured distance x = x * can be used for the distance relay configuration. If the distance calculation is within a given section, the corresponding DCCB will operate.
Simulation Results
In this paper, the effectiveness of protection design of DC smart grid is examined by simulation with the system model shown in Fig. 1 . This simulation considers that remaining power occurs in DCA of Fig. 1 Figs. 8 shows simulation results of output of each gridconnected converter, DC transmission voltage (Bus0), and DC distribution voltage (BusA, BusB, BusC), respectively. Here, the remaining power of BusA is transmitted to other DC smart grids (DCB, DCC) by the power control of the grid-connected converter GD A . From these simulation results, it can be said that the dc fault is cleared by the fast fault detection and the relay selection, so the DC bus voltage of each DC smart grids (BusA, BusB, BusC) is maintained within the acceptable range, respectively. Although the DC bus voltage of BusC increases rapidly at the reconnection, stable power supply for DC loads in BusC is achieved. Fig. 9 and 10 shows simulation results of BusA and BusB, respectively. From these simulation results, the wind turbine generator and the PV generator operate for maximum power point tracking, the output of batteries changes according to the output fluctuation. Also, it can be seen that the output fluctuation due to the renewable plants is suppressed according to the capacity of each batteries following the designed droop characteristics. Stable power supply for each DC loads is achieved. 11 shows simulation results of BusC. From these simulation results, the wind turbine generator and the PV generator operate for maximum power point tracking, the output of batteries changes according to the output fluctuation. Also, it can be seen that the output fluctuation at reconnection is suppressed by using the power control of renewable power plants and batteries. Stable power supply for DC load is achieved. Fig. 12 shows simulation results of measured voltage of R 5 and R 6 , inductor current through R 5 and R 6 , signal to DCCB. After the DC fault occurs, the voltage of R 5 drops to 450V and the voltage of R 6 drops to zero. According to distance evaluation (7), x = 450d/(450− 0) = 5.0km, where d is known as 5.0km. This means that the fault point is 5km from R 5 toward R 6 . This falls into a protection distance value of R 6 and R 7 . Therefore, the corresponding DCCBs (CB 6 and CB 7 ) operate rapidly as long as it detects overcurrent exceeding the 100A threshold value. Here, it is assumed that the measurements and calculation can be completed rapidly.
From these simulation results, stable power supply can be achieved even in the DC faults by using the proposed method. 
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Conclusion
This paper presents protection design of DC smart grid under DC Faults. The DC transmission line ground fault is assumed as the DC fault. Ground fault under the DC transmission line is analyzed in detail and a protection design based on distance protection using DCCB is proposed. The over-current and transmission voltage drop characteristics can instruct DCCB relay design and selection.The proposed method provides that each DC smart grid can operate stably under ground fault in DC transmission line. From the simulation results, effectiveness of the proposed method is verified.
